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Vacancy defect control of colossal thermopower in FeSb2
Qianheng Du 1,2 ✉, Lijun Wu
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, Christie Nelson5, Gheorghe Lucian Pascut4,6, Tiglet Besara
, Yimei Zhu1 and Cedomir Petrovic 1,2 ✉

7,9

,

Iron diantimonide is a material with the highest known thermoelectric power. By combining scanning transmission electron
microscopic study with electronic transport neutron, X-ray scattering, and ﬁrst principle calculation, we identify atomic defects that
control colossal thermopower magnitude and nanoprecipitate clusters with Sb vacancy ordering, which induce additional phonon
scattering and substantially reduce thermal conductivity. Defects are found to cause rather weak but important monoclinic
distortion of the unit cell Pnnm → Pm. The absence of Sb along [010] for high defect concentration forms conducting path due to Fe
d orbital overlap. The connection between atomic defect anisotropy and colossal thermopower in FeSb2 paves the way for the
understanding and tailoring of giant thermopower in related materials.
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INTRODUCTION
Thermoelectric materials exploit thermoelectric effect where
temperature difference is converted into electric power and vice
versa1,2. High operating temperatures are favorable for signiﬁcant
ﬁgure of merit ZT = S2σT/κ, where T is temperature, S is thermopower, and σ (κ) are electrical (thermal) conductivities. When
operating temperatures are not high, material must maximize its
thermoelectric power factor (S2σ) where S provides considerable
contribution, whereas in cryogenic environment electronic correlations could also be signiﬁcant3–8.
The iron diantimonide is a correlated narrow-gap semiconductor9,10. It also features colossal thermopower S and highest known
thermoelectric power factor at cryogenic temperatures; whereas
both electronic diffusion and phonon-drag mechanism have been
proposed, reported maximum S values vary between 0.1 and
50 mV K−1 and in some crystals quasi-one-dimensional (quasi-1D)
conductivity has been observed9,11–18. Interstitial Fe atoms in the
unit cell that create impurity states connected with phonon drag
have been postulated but never observed16. The connection with
ﬁne details of crystal structure is not understood since, for
example, FeAs2 features an order of magnitude higher thermal
conductivity and should have higher thermopower within the
phonon drag mechanism when compared to FeSb2, but experiments show S maxima about six times smaller in iron diarsenide14.
Atomic defects have been used to enhance high-temperature
thermoelectric performance by lowering phonon thermal conductivity in the ﬁgure of merit19,20. Defect optimization in semiconductors is important in a wide range of technology-enabling
materials21. In this work, for the ﬁrst time, we present the direct
visualization of structural defects in iron diantimonide and we show
that colossal thermopower arises from Sb vacancies in the crystal
structure. Moreover, thermopower, quasi-1D conductivity, and
thermal conductivity are tunable by Sb defects and phase
separation clusters with Sb vacancies of several nanometer size.
Our results uncover hitherto unknown relation between crystal
structure and colossal thermopower, thus providing basis for the

comprehensive understanding of the nanostructural aspects related
to the colossal thermopower control in iron diantimonide.
RESULTS AND DISCUSSION
Sample characterization
We ﬁrst fabricated several crystals from Sb melt using different
decanting methods, purity of raw elements, and crucibles (see
Supplementary Note 4 and Table 7). Then we picked two crystals:
one with expected high purity (S8) and the other with expected low
purity (S3). To shed light on the atomic-scale structure, we
performed high-resolution scanning transmission electron microscopy (STEM) with a high-angle annular dark ﬁeld (HAADF) detector
as its contrast is proportional to Z1.7 along the atom column, where
Z is the atomic number. Figure 1a, b show the STEM-HAADF images
taken from S3 and S8 crystals, respectively. The strong and weak
dots in the images correspond to Sb and Fe atoms, respectively.
The atomic arrangement in the images is consistent with the FeSb2
structure with Pnnm symmetry, as shown in the insets where the
atomic projections are embedded in the magniﬁed image. Due to
the Z-contrast nature of the STEM-HAADF image, the peak intensity
of each dot can be used to count the atoms along the column22.
Higher peak intensity indicates more atoms along the column,
while weaker peak intensity indicates less atoms, thus more
vacancies along the column. It is seen that the peak intensity of Fe
is quite uniform in crystal S8 (Fig. 1b), indicating the relative
uniform distribution of Fe. However, the peak intensity of Fe varies
in crystal S3, e.g., there are less Fe in area I than that in area II, as
shown in the magniﬁed image in the insets of Fig. 1a. We also
observe Sb intensity variation, indicating the variation of Sb
occupancies. The Sb occupancies or vacancies can be better
resolved by reﬁning each Sb column peak with the second-order
polynomial function. Figure 1c, d shows the peak intensity maps of
Sb for crystals S3 and S8, respectively. There are four Sb atoms in a
FeSb2 unit cell. In crystal S3, the Sb peak intensity is the same in
some area (inset III in Fig. 1c), consistent with the Pnnm symmetry.
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Fig. 1 Atomic defects in FeSb2 and crystal structure distortion. a, b STEM-HAADF image of crystal S3 (a) viewed along Pnnm [100] direction
and crystal S8 viewed along Pnnm [001] direction (b). The insets are the magniﬁed images from areas I and II in a (areas IV and V in b) with the
Pnnm [100] in a (Pnnm [001] projection in b) projection of the structure embedded. Scale bar 2 nm. The contrast is approximately proportional
to Z1.7 along the atomic column, thus the dots with strong and weak contrast correspond to Sb and Fe column, respectively. Red and green
spheres represent Sb and Fe, respectively. c, d Sb peak intensity maps reﬁned from a and b, respectively. Each square represents an Sb column
with intensity increasing in black–blue–green–orange–yellow–white order. The insets are magniﬁed maps from areas II to V. Note that the
smooth Sb peak intensity oscillation from top to bottom in b and d could be attributed to thickness variation. e–g Synchrotron X-ray
diffraction scans of crystal S8. H is the Miller index of the diffraction from (H00). Pnnm-forbidden peak is observed at [100] wavevector (f),
about 3 orders of magnitude weaker than nearby Bragg peaks. Pnnm (h, i) and Pm (j, k) unit cell reﬁnements obtained in single-crystal neutron
diffraction experiment on low thermopower crystal, conﬁrming structural distortion. l Pm unit cell of FeSb2 induced by atomic defects. Central
octahedral atom Fe (dark) is surrounded by Sb (light). The defects are preferably on Sb11 atomic sites (white arrow-marked light balls).

In the other area, however, the Sb peak intensity changes
periodically and orders along Pnnm [010] direction, as shown in
the inset II in Fig. 1c, where two Sb peaks (orange squares) are
stronger than the other two Sb (green squares) within the unit cell.
This indicates the ordering of Sb vacancies and reduction of the
Pnnm symmetry in this area. In [100] projection, orange and red
spheres represent high and low Sb occupancy, respectively,
embedded in the inset II. The size of the phase separation clusters
with Sb vacancy ordering is about a few nanometers. These clusters
are similar to the nanoprecipitates observed in PbTe-AgSbTe2
system23,24. They induce additional phonon scattering, thus reduce
the thermal conductivity and phonon mean free path (MFP) of
crystal S3. For crystal S8, the Sb vacancy ordering is observed in
nearly all locations and also along [010] direction. In area IV (Fig. 1d),
two Sb peaks (orange) are stronger than the other two Sb (red).
While in the area V, one Sb peak (yellow square) is stronger than the
other three Sb (orange squares).
Sb vacancy ordering results in a Pnnm-forbidden peak observed
in single-crystal synchrotron X-ray diffraction (Fig. 1e–g) of crystal
S8, consistent with weak structural distortion observed in neutron
diffraction measurements (Fig. 1h–k). Neutron diffraction shows
the presence of weak (h,0,l), h + l = odd and (0,k,l), k + l = odd
type Bragg reﬂections, which are forbidden in Pnnm crystal
structure previously reﬁned for the stoichiometric FeSb29,10,25. The
presence of these forbidden reﬂections hints that the symmetry of
the crystal lattice is lower. Comprehensive structural reﬁnement
(Fig. 1h–k) and also Supplementary Note 1 and Tables 1–4 indicate
npj Quantum Materials (2021) 13

that one of the two Sb sites, which are equivalent in Pnnm space
group, shows displacive monoclinic distortions and site deﬁciency.
This induces change in the structural symmetry (Pnnm → Pm),
making two Sb sites inequivalent, i.e., Sb1 site is fully occupied
while Sb11 site contains substantial number of vacancies that do
not change with temperature (Fig. 1l). We ﬁnd that the Sb11 site is
0.82(2) occupied while both Fe sites are 0.94(2) occupied; the
chemical vacancies do not change with temperature, whereas
intensity of Pnnm-forbidden peaks at 300 K is 2/3 of that at 5 K
(see Supplementary Note 1 and Tables 1–4).
Electrical and thermal transport properties
Having established the presence of atomic vacancies, next we
focus on electrical and thermal transport properties of crystals S3
and S8 as well as of six additional crystals engineered to have
different defect content. Figure 2a–c presents electronic and
thermal transport difference among all eight iron diantimonide
crystals. Crystals S7 and S8 have about 1–2 order of magnitude
higher electrical resistivity when compared to crystals S1, S2, and
S3 in the temperature region 10–20 K (Fig. 2a). Moreover, crystals
S1, S2, and S3 have clear weak (semi)metallic resistivity in
60–300 K temperature region. Low-temperature thermopower
S shows large variation (Fig. 2b); ∣S∣ maxima change by several
orders of magnitude from S1 (14 μV K−1) to S8 (20 mV K−1). Figure
2c shows thermal conductivity κ vs temperature for all crystals.
The small κ(T) maxima are coincident with small thermopower,
consistent with phonon-drag mechanism15–17.
Published in partnership with Nanjing University
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Fig. 2 Relationship between the defect content and transport properties. Temperature dependence of the a electrical resistivity,
b thermopower, and c thermal conductivity for the investigated iron diantimonide crystals with different defect content (see text). d Thermal
conductivity <50 K. The solid lines show the ﬁtting by Callaway model. e [100] projection of crystal S3 with green and red spheres
representing Fe and Sb atoms. The occupancy of Fe is 0.93. The occupancy of Sb at the row indicated by blue arrow lines is 0.85 (small
spheres), while that indicated by brown arrow lines are 0.98 (large spheres). f Magniﬁed image from area II in Fig. 1a. g Sb peak intensity map
reﬁned from f. h Simulated image calculated based on multislice method with frozen phonon approximation using structure model in e. i Sb
peak intensity map from h. From the simulation, the contrast at Sb site changes with the occupancy of Sb, e.g., the contrast of Sb at the row
indicated by blue arrow lines is weaker than that at the row indicated by brown arrow lines. j [001] projection of crystal S8. The occupancy of
Fe is 0.95. The occupancy of Sb at the row indicated by blue arrow lines is 0.88, while that indicated by brown arrow lines is 0.97. k Magniﬁed
image from area IV in Fig. 1b. l Sb peak intensity map reﬁned from k. m Simulated image based on structure model in j. n Sb peak intensity
map from m. From the simulation, the contrast at Sb site changes with the occupancy of Sb, e.g., the contrast of Sb at the row indicated by
blue arrow lines is weaker than that at the row indicated by brown arrow lines. o, p present composition of all the investigated crystals in
a–c. A is the ﬁtting parameter in Callaway model as discussed in the main text.

In what follows, we focus on the deviation from the ideal
1:2 stoichiometry. The contribution of different relaxation
processes to τ and their difference among investigated crystals
in the simplest form can be assessed from:
1
1
τ 1 ¼ τ 1
B þ τI þ τU
θD

¼ νL þ Aω4 þ Bω2 Te T

(1)

where τB, τD, and τU are the relaxation times for boundary
scattering, impurities or defect scattering, and Umklapp processes,
respectively26–28. The L, A, and B are ﬁtting parameters in the ﬁt of
the experimental lattice thermal conductivity using Callaway
model (Fig. 2d):
 3 Z θD
T
kB
kB
τx 4 ex
(2)
KL ¼ 2
T3
dx
2
x
2π νs _
0 ðe  1Þ
In this model, x ¼ k_ω
is dimensionless, ω is the phonon frequency,
BT
kB is the Boltzmann constant, h is the Plank constant, θD is the
Debye temperature, and νs is the velocity of sound. Fit parameters
are listed in Table 1. Since Umklapp scattering processes are of
importance at high temperature, we mainly focus on parameters A
Published in partnership with Nanjing University

and L. In crystals S5, S6, S7, and S8 with large phonon MFP, surface
scattering is more important when compared to S1, S2, S3, and S4
where the impurity scattering processes are much stronger as
inferred from A (Table 1), which features inverse scaling with τ. The
decrease of MFP in the investigated crystals is clearly related to
the defect scattering of phonons.
We note that, in the Callaway model, the parameter τB = L/ν
represents the relaxation time determined by boundary scattering.
The L is the phonon MFP at low temperature in the boundary
scattering regime29, which is different from grain size. For the rodlike sample with the square cross-section and inﬁnite length, it
depends on the side dimension only. For the ﬁnite length and
rectangular cross-section, there are correction factors, i.e., it not
only depends on two side dimensions but also on their ratio and
sample length29,30.
From the data collected on crystal S3 (Fig. 1h–k) and
Supplementary Table 3, the reﬁned crystal stoichiometry is
Fe0.93Sb1.83. STEM-HAADF image simulations (Fig. 2e–n) show
Fe0.93Sb1.83 for crystal S3 (in good agreement with neutron
reﬁnement) and Fe0.95Sb1.85 for crystal S822.
npj Quantum Materials (2021) 13
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Table 1.

Fitting parameters of the Callaway model for the thermal conductivity and the stoichiometry for all the samples (see text).

Sample no.

A

L

B

Sb composition

Fe compsition

Stoichiometry

Normalized stoichiometry

EDX

S1

14.30(0.45)

5(1)

10.5(1.0)

1.782(1)

0.883(1)

Fe0.883Sb1.782

FeSb2.018

FeSb2.07

S2

4.71(0.09)

10(1)

3.3(0.3)

1.829(1)

0.929(1)

Fe0.929Sb1.829

FeSb1.969

S3

4.60(0.20)

5(1)

6.0(0.5)

1.830

0.930

Fe0.93Sb1.830

FeSb1.968

S4

4.25(0.08)

10(1)

3.9(0.3)

1.832(1)

0.932(1)

Fe0.932Sb1.832

FeSb1.966

S5

0.99(0.07)

40(3)

7.0(0.7)

1.848(1)

0.948(1)

Fe0.948Sb1.848

FeSb1.949

FeSb1.95

S6
S7

0.66(0.04)
0.57(0.03)

37(3)
85(5)

7.5(0.6)
2.9(0.3)

1.849(1)
1.850(1)

0.949(1)
0.950(1)

Fe0.949Sb1.849
Fe0.950Sb1.850

FeSb1.948
FeSb1.947

FeSb2.03

S8

0.55(0.05)

100(5)

3.1(0.3)

1.850

0.950

Fe0.950Sb1.850

FeSb1.947

FeSb2.10

Note: error bars for EDX are: S1: ±0.07, S3: ±0.03, S5: ±0.05, and S7: ±0.02. And the units in Callaway model ﬁt for A, L, and B are 10−43 s3, 10−5 m, and 10−18 s
K−1, respectively.

Next, from the thermal conductivity ﬁts (Table 1), we note
differences among crystals due to defect scattering, given by
parameter A in the Callaway model. From the changes in
parameter A, we estimate the defects content, i.e., the stoichiometry of all investigated crystals by assuming linear relation
between defect scattering and defect concentration. The results
are shown in Fig. 2o, p and in Table 1. The relative stoichiometry
ratio of Sb:Fe differs from the ideal stoichiometric 2:1 in all crystals
in linear manner, albeit with differences that are <2.3 atomic %.
Thermally activated resistivity >50 K (Fig. 2a) stems from the
intrinsic energy gap; however, the resistivity shoulder in the region
of Smax around 10 K is a ﬁngerprint of the in-gap impurity states
that couple to phonon drag16,18,31,32. Magnetoresistance (MR) is
strong in the temperature range where such states are dominant
in electronic transport; a single in-gap band gives only one peak in
MR16. High-thermopower crystals S6 and S8 show one MR peak
but in low-thermopower crystals S1 and S3 a broad MR is
observed (Fig. 3a), suggesting a rather broad distribution of
multiple in-gap states16. A low-temperature Curie tail present in
crystal S3 (Fig. 3b) implies higher low-temperature magnetic
moment associated with low Sb purity33, consistent with
importance of Sb defects. Figure 3c shows heat capacity of all
crystals. We observe a trend of the slope change associated with
Debye temperature. In general, vacancy formation
energy is
1=2
Ev
related to Debye temperature: T D ¼ C M1=2
1=3 , where C is a
Ω
constant, Ev is the vacancy formation energy, and M and Ω are
34,35
. Low vacancy formation
atomic mass and volume, respectively
energy is consistent with higher number of vacancies for low
thermopower crystals (e.g., S3) when compared to highthermopower crystals (e.g., S8). Results are summarized in
Supplementary Note 2 and Table 5.
The Pnnm FeSb6 octahedra are edge-sharing along the shortest
lattice parameter 3.194 Å. Closer inspection of Pm unit cell shows
that the Sb11 atomic sites (Fig. 4a) are also separated by the lattice
parameter length 3.194 Å along the edge-sharing octahedral
direction. However, weak metallic conductivity at high temperature for low-thermopower crystals (Fig. 2a) is along the
orthogonal, 6.536 Å lattice parameter direction where distance
of Sb11 to Fe is shorter (b-direction in Fig. 4a)9,36. This is consistent
with TEM-observed vacancy order direction (Fig. 1a–d) and quasi1D conductivity in optics37,38. Occupancy of Fe d orbital (dn)
translates into different unit cell parameter along the d orbital
overlap. Higher (lower) occupancy corresponds to larger (shorter)
unit cell parameter39,40. Detailed comparison of crystals S3 and
S8 shows longer b lattice parameter in S3 (see Supplementary
Note 3 and Table 6), implying differences in Fe d orbital
occupation. A picture emerges where Sb11 vacancy defects create
Fe-derived conducting in-gap states due to short Fe–Sb11
hopping distance (Fig. 4a). Low vacancy formation energy, i.e.,
higher vacancy content in low-thermopower crystals such as S3
npj Quantum Materials (2021) 13

Fig. 3 The signature of in-gap impurity states. a Magnetoresistance of low-thermopower (S1, S3) and high-thermopower crystals
(S6, S8). b Comparison of magnetic susceptibility of crystals S3 and
S8. c Low-temperature heat capacity for all the investigated crystals.

(Fig. 3c), promotes stronger quasi-1D Fe d orbital overlap due to
the absence of Sb along [010], weak metallicity, and
metal–insulator transition on cooling12.
Band structure calculations
GW+DMFT calculations (see Supplementary Note 5) show that
bands associated with quasi-1D dispersion along 6.536 Å are Fe
derived: bottom of the conduction band is dominated by Fe xy
orbital, whereas top of the valence bands is dominated by Fe xz/yz
bands38. First-principle calculation results (Fig. 4b–h) conﬁrm that
structure distortion to the Pm space group is energetically
favorable in Sb-deﬁcient Pnnm FeSb2 unit cell. However, the Sb
vacancies also induce Fe dangling bonds that might inﬂuence
electronic structure through conducting impurity band at the
Fermi level for high Sb defect concentration.
To explore how Sb atom vacancy and its ratio affect the
electronic structure of FeSb2, we studied two cases of Sb vacancy
ratios: one and two Sb vacancies in a 2 × 2 × 3 super-cell of FeSb2.
To simulate the experimental situation, we only consider Sb
vacancies at the Sb11 site. Hence, Sb vacancies for both cases
Published in partnership with Nanjing University
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Fig. 4 Pm space group and corresponding band structure calculation. a Crystal structure of FeSb2 in the Pm space group. Note that Sbdeﬁcient Sb11 atomic site are apical for Fe1, whereas they are within octahedral plane for Fe2. Bond distances to Fe1, Fe2, and Sb1 are shown
in nm. Sb11 atomic sites are separated by the unit cell distance along Pmc axis (3.194 Å), whereas they are closer to Sb1 sites along the b-axis
(2.878 Å). b–h Different arrangements of two Sb vacancies in the supercell and their energetics. The arrangement consistent with the Pm
space group has the lowest energy, in agreement with the experiment. Projected density of states for i one and j two Sb vacancies. Notice that
the antimony vacancy gives rise to an iron impurity band.

occupy the Sb11 site only, and they correspond to 91.7 and 83.3%
of Sb11 occupancy, respectively, where the case of two Sb
vacancies is close to the experimental Sb11 occupancy, 82% at T
= 300 K. For the case of one Sb vacancy, there is only one
symmetrically non-equivalent conﬁguration for introducing one
Sb vacancy at the Sb11 site in the 2 × 2 × 3 super-cell. On the other
hand, for the case of two Sb vacancies, there are seven
symmetrically non-equivalent conﬁgurations. We have considered
all of the seven conﬁgurations and found that the conﬁguration
with two Sb vacancies is the most energetically stable (Fig. 4b).
From now on, we only focus on the most stable conﬁguration for
each Sb vacancy ratio.
Figure 4i, j shows the density of states of the most stable
conﬁgurations for both Sb vacancy ratios. The Sb vacancies give
rise to Fe dangling bonds that lead to metallic impurity bands at
the Fermi level. The impurity bands have a dominant d orbital
character of Fe possessing the dangling bonds. We would like to
note that the density-functional theory calculation with the
modiﬁed Becke–Johnson exchange potential method gives a
clear bulk gap of ~0.25 eV in FeSb2 without any vacancies. As
depicted in Fig. 4j, the case of two Sb vacancies shows broader
bandwidth of the metallic impurity band than that of one Sb
vacancy, indicating that, as the Sb vacancy ratio increases, the
metallic impurity band is more dispersive. The case of one Sb
vacancy does not show the quasi-1D conductivity. Therefore, we
conclude that larger Sb atom vacancy content induces more
anisotropy in the electronic structure and triggers the quasi-1D
conducting path.
Now, we turn our attention to the thermoelectric power of
FeSb2. In the experiment, the maximum value of thermoelectric
power decreases as the energy of vacancy formation is lowered,
i.e., with higher number of vacancies (Figs. 2b and 3c). This is
consistent with a two-band model study with an ionized impurity
Published in partnership with Nanjing University

donor state41. Hence, the increased Sb atom vacancies lower
thermoelectric power, in agreement with the STEM-HAADF study.
It would be of interest to investigate point defects and atomic
structure of other marcasite materials with high-thermopower
values, such as CrSb242,43.
In summary, we have achieved point defect control of
thermoelectricity and have directly observed atomic structure of
colossal thermopower material iron diantimonide. Sb defects
induce monoclinic distortion and generate the in-gap states with
Fe 3d orbital character, which, for sufﬁciently high number of
defects, result in nanoprecipitates with Sb vacancy ordering and
quasi-1D conducting path. Our study demonstrates the potential
of low-level atomic defects to control thermopower magnitude
and quasi-1D electronic conduction. This paves the way toward
computational predictions of colossal thermopower induced by
atomic point defect engineering.

METHODS
Crystal synthesis
Single crystals of FeSb2 were grown as described before9,10,12, albeit with
different starting purity of Fe and Sb and with variable methods of crystal
decanting from Sb liquid. Whereas within one single batch thermopower
values ∣Smax ∣ exhibit variations, especially for low-purity starting materials
such as Fe 99.5% and Sb 99.99% and lower, the use of high-purity starting
materials, such as Fe 99.997% and Sb 99.9999%, elimination of quartz wool
in excess Sb decanting and use of ﬁlter screw-top crucibles developed for
ﬂux crystal growth above the quartz melting point44 reduces the variation.
This produces FeSb2 crystals with about 5–20 mV K−1 thermopower peak
within single batch. On the other hand, we note that, among different
batches with variable starting materials purity and decanting method, ρ(T)
and S(T) measured on same crystal exhibit close correspondence to values
presented in Fig. 2 in the main text.
npj Quantum Materials (2021) 13
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Transport, thermal, and magnetic measurements
Crystals were oriented using a Laue camera and cut along the b-axis for
magnetization, resistivity, and thermopower measurement in a Quantum
Design MPMS-5 and PPMS-9.

Scanning tunneling microscopy
STEM-HAADF imaging and electron diffraction were performed using the
double aberration-corrected JEOL-ARAM200CF microscope with a coldﬁeld emission gun and operated at 200 keV. The images are ﬁltered in
frequency space by applying periodic mask to remove noise.

X-ray and neutron diffraction
Synchrotron single-crystal X-ray diffraction was performed at NSLS-II
beamline 4-ID, using a photon energy of 11.44 keV with an incident beam
intensity of 3 × 1012 photons s−1. Single-crystal neutron diffraction was
performed at the HB3A four-circle diffractometer (FCD) equipped with a
two-dimensional Anger camera detector at the High Flux Isotope Reactor
at the Oak Ridge National Laboratoray. Neutron wavelength of 1.005 Å was
used from the bent perfect Si-331 monochromator45. Room temperature
laboratory single-crystal X-ray diffraction was performed at NHMFL
Tallahassee using an Oxford Diffraction Xcalibur 2 charge-coupled device
FCD with graphite-monochromated Mo Kα radiation.

DATA AVAILABILITY
The data that support the ﬁndings of this study are available from the corresponding
authors upon reasonable request.
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